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Abstract
Interactions among dislocations and solute atoms are the basis of several
important processes in metal plasticity. In body-centered cubic (bcc) metals
and alloys, low-temperature plastic flow is controlled by screw dislocation
glide, which is known to take place by the nucleation and sideward relaxation
of kink pairs across two consecutive Peierls valleys. In alloys, dislocations and
solutes affect each other’s kinetics via long-range stress field coupling and
short-range inelastic interactions. It is known that in certain substitutional bcc
alloys a transition from solute softening to solute hardening is observed at a
critical concentration. In this paper, we develop a kinetic Monte Carlo model
of screw dislocation glide and solute diffusion in substitutional W—Re alloys.
We find that dislocation kinetics is governed by two competing mechanisms.
At low solute concentrations, nucleation is enhanced by the softening of the
Peierls stress, which dominates over the elastic repulsion of Re atoms on
kinks. This trend is reversed at higher concentrations, resulting in a minimum
in the flow stress that is concentration and temperature dependent. This
minimum marks the transition from solute softening to hardening, which is
found to be in reasonable agreement with experiments.

Supplementary material for this article is available online

Keywords: body-centered cubic metals, screw dislocations, kinetic monte
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(Some figures may appear in colour only in the online journal)

1. Introduction

The applications of tungsten (W) and its alloys have been limited to a great extent by their
brittleness at ambient temperatures. Typical ductile-to-brittle transition temperatures (DBTT)
for arc-melted W range from approximately 475 to 525 K, whereas for wrought and
recrystallized metal the DBTT falls between 560 to 645 K [1, 2]. Some authors have mea-
sured a DBTT in excess of 1000 K for sintered specimens [3, 4]. At room temperature, the
fracture toughness K. of polycrystalline W in ranges between 5.1 (sintered) and 9.1 (rolled)
MPa vm [5]. W is typically alloyed with 5-26 at% Re to increase low-temperature ductility
and improve high temperature strength and plasticity, which can increase K. by up to one
order of magnitude [6, 7]

The physical origins behind the Re-induced ductilization have been discussed in the
literature [2, 8—11] and point in some way or another to alterations in the core structure of
1/2{111) screw dislocations, which both reduce the effective Peierls stress and extend the
number of possible slip pathways. However, this is a highly local effect, concentrated around
the vicinity of screw dislocation cores, whereas plasticity involves both long-range and local
solute-core interactions. Although the softening of the Peierls stress, op, can be expected to
lead to an increased screw dislocation mobility, factors such as kink-pair nucleation enthal-
pies and kink velocities must be considered to accurately assess whether Re additions result in
global solute softening, hardening, or both. This was recognized early on for body-centered
cubic (bee) alloys in the experimental literature, where there is ample evidence of a transition
from solute softening to solute strengthening in substitutional alloys [8, 12—18]. This trans-
ition is usually rationalized as a competition between kink-pair nucleation and kink motion,
which are thought to depend inversely on solute content. Although early models built on this
idea to successfully predict the softening-to-hardening transition [17, 19, 20], it was not until
very recently that sophisticated electronic structure calculations have revealed the local effect
of Re alloying on the structure of screw dislocation cores in W and other metals [9, 10,
21-24]. The effect on solute migration of dislocation stress fields can now also be char-
acterized by combining elasticity theory with electronic structure calculations [25-28].

The purpose of this study is to predict the softening-to-hardening transition in W—Re
alloys by directly simulating the interaction of screw dislocations with solute atoms. We
develop a kinetic Monte Carlo (kMC) model that accounts for thermally-activated kink-pair
nucleation and solute diffusion via stress field coupling and short-range inelastic interactions.
Within our model the solute subsystem and the dislocation evolve in a coupled fashion, with
solute diffusion being sensitive to dislocation stress fields, and kink-pair nucleation and
propagation being influenced by the presence of solute. Our model is parameterized entirely
using electronic structure calculations, as described by Hossain and Marian [26], and is
significantly more efficient than direct atomistic simulations. This allows us to study the
relevant parameter space of stress, temperature, Re content, and dislocation line length by
simulating the motion of a screw dislocation in a random W-Re solid solution. In section 2,
we provide a description of the methods employed, followed by the results of dislocation
mobility and critical stresses in section 3. We conclude in section 4 with a discussion of our
findings and the conclusions.
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2. Numerical model and parameterization

Detailed descriptions of the kMC model and the electronic structure calculations of model
parameters have been published previously [26, 29], and here we simply provide a brief
review and highlight the aspects that are most relevant to the coupling between the dislocation
and the solute subsystem. Our approach is a three-dimensional, full-elasticity model of
arbitrary screw dislocation geometries in bec lattices that accounts for slip on all {110} planes
of the [111] zone.

2.1. Effect of solute on kink-pair activation enthalpy

We start with the expression for the nucleation rate of a kink pair on a screw dislocation
segment in the pure material:

L
rkp(a-a T) = VO

—w _AH(O')
CXP( T ) (H

where 14 is an attempt frequency, L is the available segment length, w is the kink pair
separation, b = a~/3 /2 is the modulus of the Burgers vector b (a is the lattice parameter),
AH is the activation enthalpy, which is a function of the local stress tensor o, k is
Boltzmann’s constant and 7' is the absolute temperature. For its part, the kink-pair activation
enthalpy is assumed to follow the expression:

AH (o) = AHy(1 — [©(a)]P), (@)

where AH, is the sum of the formation enthalpies of two isolated opposite-signed kinks,
O (o) is a stress ratio that depends on o, and p and q are fitting parameters. The stress ratio is
defined as:

O(g) = MRS 3)
Tc(a')

where Tyvrss 1S the maximum resolved shear stress (MRSS) and 7. (o) is the critical stress for
athermal dislocation motion. As shown below, the stress factor includes in its formulation all
non-Schmid effects characteristic of bcc metals.

Equation (2) is modified by the presence of solute. Specifically, when a Re atom is found
along the dislocation trajectory, the bound structure shown in figure 1 is formed. This
structure is favored energetically by an amount equal to the solute-dislocation interaction
energy ejP, resulting in a decrease in the kink-pair formation enthalpy. Conversely, further
nucleation of kink pairs away from this configuration must overcome ej’, such that
equation (2) is globally modified as:

AH (o) = (AHy + ¢")(1 — [B(a)])?, “

where it has been assumed following Wakeda et al [24] that the binding energy eiP follows
the same stress dependence as AH,. ef” depends on the distance and position of the solute
atom relative to the dislocation core, and we have calculated a value of —0.25 eV (attractive)
for the configuration shown in figure 1 [26]. efP decays quickly to zero thereafter, taking a
value of 0.04 eV for the next nearest atomic row.

3
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® Re atom
-+ o W atom AN
—dislocation line o

{110} plane

Figure 1. Position of lattice atoms relative to a screw dislocation segment of length L
containing a kink-pair. The presence of a Re atom (red sphere) changes the activation
enthalpy of subsequent kink-pair nucleation events. W atoms are colored according to
the (111) string they belong to.

2.2. Effect of solute on kink motion

In the pure metal, kinks move along the dislocation line with a velocity:

ob
=, 5
Vi ( )

where B is a friction coefficient. This reflects the fast viscous motion of nonscrew segments.
After nucleation, a kink will take an average time of:
L—-—w B({L-w)

2vk 20b
to sweep half of the segment length of the dislocation. However, when a moving kink
encounters a Re atom, it binds to it with an energy that depends on their relative location.

From that moment on, viscous motion ceases and kink detachment becomes thermally
activated. The corresponding detachment rate is:

Hsk sk _ Q .
(o, T) = exp[%) = exp(‘f”k—T"] )

ot = (6)

where v, is an attempt frequency (different from 1) and HbSk (o) is the single-kink activation
enthalpy. H;fk (o) is composed of e}, the interaction energy between the kink and a Re atom,
and a mechanical work characterized by an activation volume €.

While kink segments are not strictly of screw character, in W we have calculated
deviations of no more than 3° from the prefect screw orientation for kink segments at zero
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stress [29]. Thus, we also use a value of ezk = —0.25 eV irrespective of stress-. Lastly, for
substitutional impurities with dilatational strain, £2; can be defined as a diagonal tensor that
reflects the volume misfit between a W and a Re atom:

AQ 0 0
Q=10 AQ 0 [ ®)
0 0 AQ

After Hossain and Marian [26], AQ = Qgre — Qw = —1.4 X 1073 nm? (the negative sign
indicates that Re solute atoms are undersized w.r.t. the W lattice).

Once a dissociation event occurs for a kink-solute configuration, the kink resumes its
viscous motion according to equation (5).

2.3. The critical stress and non-Schmid effects

Our model includes non-Schmid effects from both sources commonly considered in the
literature: the rwinning/antitwinning effect and non-glide stresses [30]. We follow our pre-
vious work on the topic [31, 32] to define the stress ratio © as:

Tdon + a1

(o) = — )
R CmRT Ty
where
Tion =0 : m* @ n°,
Toin =0 :m* @ n,
T'doy =0 : (0% X m*) ® n°,
oty =0 : (" x m*) @ n* (10)

and f(x) = 2/(1 + €*) [32]. The vectors m®, n®, and n" refer, respectively, to the slip
direction, the glide plane, and the adjacent {110} plane forming +60° about the screw
direction to the glide plane. « refers to any one of the 12 independent slip systems in the bcc
crystal lattice [31]. Figure 2 shows the relative geometry for the particular case of the
1/2[111](101) slip system. We assume that the only dependence of © on the Re
concentration c¢ is via an explicit dependence of the Peierls stress on ¢, which we discuss
below.

2.4. The Peierls stress

First-principles calculations in pure W put the value of the Peierls stress between 1.7 and 2.8
GPa [9, 33, 34]. The dependence of op is on the solute concentration is taken from the
calculations by Romaner et al [9], which we fit to a numerical expression of the type
op(c) = Hh—lb (where b; and b, are fitting constants). This softening of the Peierls stress with
Re content, together with a dislocation core transformation, has been used by the authors in
[9] to explain the ductilization of W with Re in W—Re alloys.

*In general, an expression of the type:

ep = e} cos20 + ¢ sin? 0
can be used to interpolate between the screw (e,ﬂ) and edge (ei) interaction energies. For the unstressed geometry of a
single kink in W, 6 = 2.17°, which is sufficiently small to justify using the value corresponding to the screw
orientation. While the kink spreading is expected to vary with applied stress, we do not expect this variation to
substantially change the assumption e, &~ el ie. 0 ~0.
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001]

Figure 2. Stress projections as defined in equation (10) within the bcc unit cell. The
dislocation line is assumed to be along the [111] direction. Reprinted from [34],
Copyright 2016, with permission from Elsevier.
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Figure 3. Variation of the Peierls stress with Re concentration from [9]. The data points

have been fitted to the expression op(c) = % (in GPa).

The fit, shown in figure 3, yields values of b = 1.07 (GPa) and b, = 0.51. This is the
expression that we use in the remainder of this paper to carry out our KMC simulations in the
presence of solute.

2.5. Solute diffusion
Re atoms occupying substitutional lattice sites in bcc W can diffuse by thermally activated

nearest-neighbor jumps. This jump rate can be expressed as:

r, = —ex

Z kT

AHY H, a
v of - 7 (0) + Hy(o) + ¢ ), (11

where 1, is the attempt frequency for vacancy jumps, taken here as the Debye frequency
(see table 1), z = 8 is the number of first nearest neighbors, AH} is the vacancy formation
enthalpy, AH,, is the migration enthalpy, both of which depend on the local stress tensor o,
and e is the binding energy either to a screw segment (o = kp) or to a kink segment
(v = sk). This last term is only appropriate when the Re atom is bound to the dislocation

6
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Table 1. Parameter values employed in this work.

Parameter  Units Value
a A 3.16

b A 2.74

h A 2.58
v Hz 9.1 x 10"
v Hz 1.5 x 102
Vs Hz 6.4 x 10"
w b 11
AH, Y 1.63

p — 0.86

q — 1.69

B Pas 83 x 107°
ao — 1.45
a — 0.99
a — 2.36
as — 4.07
exp eV 0.25
ek eV 0.40

core, otherwise it need not be included. The functional dependencies of these activation
enthalpies on stress have been given in our previous publication [26], and they are based on
the concept of activation volume, which is a tensor defined as:

«_ OH
g 80}]

such that the enthalpy is in general defined as:

AH(o) =E — o : V¥,

where the last term in the rhs of the above expression is known as the mechanical work. The
vacancy formation and activation volumes in W—Re alloys have also been calculated in the
dilute limit using density functional theory as given in [26]. In the bcc lattice, each solute
atom can jump to eight different nearest-neighbor positions, each with its own rate as given
by the local stress tensor at each location. To preserve detailed balance in the kMC
simulations all eight possible transitions are considered for each Re atom.

The above approach results in tracer diffusion with a drift produced by the dislocation
stress field, such that solute diffusion and dislocation motion are coupled to one another. This
is the basic premise underlying a series of phenomena categorized under the umbrella of
dynamic strain aging, whereby coupled dislocation-solute evolution may result in anomalous
mechanical behavior.

However, a quick inspection of the three principal thermally-activated event rates,
namely kink-pair nucleation, equation (1), kink de-trapping, equation (7), and solute hopping,
equation (11) reveals a large gap in time scale between Re atom diffusion and the other two.
This is showcased in figure 4, where the rates are plotted as a function of temperature at 0,
200, and 1000 MPa. For this reason, in the following, we neglect Re diffusion and assume
that the dislocations move in a static solute field.
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1 020
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Figure 4. Magnitude of the three principal thermally-activated event rates as a function
of temperature at three stress points. In the range explored, solute diffusivity is
markedly lower than kink-pair nucleation and kink de-trapping.

2.6. Solute distribution spatial update

Our simulations involve periodic boundary conditions along the Burgers vector direction
[29], while the other two dimensions are defined by the extent of the solute cloud around the
dislocation. For convenience, we construct an hexagonal prism centered along the axis of the
center-of-mass (COM) of the dislocation, with edges along the different glide planes of the
[111] zone. Then solute is randomly placed with the appropriate concentration on lattice sites
contained within the prism prior to starting the simulations. Because solute strain fields are
short-ranged and solute diffusion occurs by way of discrete first-nearest-neighbor jumps, the
size of the prism is not very important. Rather, the critical aspect here is to ensure that the
prism is updated as the dislocation glides so that ‘fresh’ material is generated ahead of the
dislocation path. This is done to avoid periodic boundary artifacts resulting from prior dis-
location-solute interactions. Consequently, after every time step the prism is shifted by the
amount displaced by the dislocation COM, Re atoms belonging to the previous prism are
kept, atoms outside the new prism are discarded, and regions of the prism without solute are
populated randomly with the correct c¢. Figure 5 shows images of the solute prism for a
dislocation containing a kink-pair in W-5Re (at%). An animation showcasing this procedure
can be seen in the supplementary information available online at stacks.iop.org/MSMS /26/
045002 /mmedia.

3. Results

The raw output of our method are dislocation velocities as a function of all the internal
variables of the model: T, ¢, o, L, and MRSS plane. Here we study the variation of the flow
stress with Re content, as the impact of the other variables on dislocation motion has been
studied in depth in our previous work [29].

Here we define the flow stress as the stress required to accelerate a screw dislocation to a
velocity commensurate with the prescribed strain rate. This velocity can be calculated via
Orowan’s equation as:


http://stacks.iop.org/MSMS/26/045002/mmedia
http://stacks.iop.org/MSMS/26/045002/mmedia
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Ve
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(a) (b)

Figure 5. Views of the solute prism containing a screw dislocation with a kink pair (a)
along the dislocation direction and (b) general view. The images correspond to a
simulation at 300 K, 200 MPa of applied stress, and 5% Re concentration.

&
v = —,
(77) b

where 7¢is the aforementioned flow stress, and p is the dislocation density. For the nominal
conditions used by Stephens [2], i.e. a strain rate of ¢ = 5.5 x 10~ s~ !, and a dislocation
density p ~ 1.4 x 10" m 2, we obtain a threshold dislocation velocity of 1.5 x 10 ®*ms™".
By way of example, we first show screw dislocation velocities as a function of temperature,
Re concentration, and MRSS plane in figure 6. For consistency with the experimental
measurements, we consider only the case where L = p’l/ 2 ~ 400D (=100 nm), and so we
eliminate the dislocation length from consideration as a variable going forward. The figure
shows results for 0%, 5%, and 20% Re concentration at 150, 300, and 590 K. An animation
showing dislocation motion at 300 K, 5% at. Re, and 1000 MPa is given in the supplementary
information. The yellow shaded area in the figure marks the region where the dislocation
velocity is not fast enough to activate slip, i.e. v<v", and thus, from the intercepts of the
velocity curves with the v* abscissa, one can obtain the flow stress Ty in each case. In other
words, we obtain 7as the stress above which the dislocation velocity for each simulation triad
(L, T, c) is larger than v

It is helpful to consider the analytical analog of this flow stress for 0% Re content to
better understand its meaning. A closed-form expression for 7, can be obtained assuming that
the time employed by single kinks to sweep across the dislocation line, 0t (see equation (6)),
is much shorter than the time required to nucleate kink pairs, 6f, = r{pl (see equation (1)). In
such a case, the dislocation velocity can be approximated by [31]:

L— AH, iy
(S voh( W) exp of — [IRss , (12)
b kT op
where for simplicity we have replaced © (o) in equation (2) with the ratio Trgs/op. Solving
for 7 = 7, when v = v" leads to:
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Figure 6. Dislocation velocity as a function of stress, temperature, and Re content. The
data correspond to a screw dislocation segment 4000 in length (~100 nm). Results for
(nominally) single slip-MRSS plane is of the {110} family (left) and multislip—{112}-
type MRSS plane (right) conditions are shown. The yellow shaded area marks the
region where the dislocation velocity is not fast enough to activate slip, v < v*
(see text).

kT voh(L — w)) |
= ol 1 — 1 . 13
Tj o» I:AHO Og( V*b :l ( )

The above equation can be reduced to an expression of the type:
7= op(l — (b3T)0)r, (14)

where the constant b; = ALH()log (W takes a value of 1.55 x 107> K™ for L = 400b
and the parameters given in table 1. Equation (14) is plotted as a contour map in figure 7. The
inset to the figure shows the temperature variation of 7 for L = 4005 (marked with a dashed
line in the main plot). More importantly, the three points obtained via kMC simulations in
figure 6 for 0% Re are also plotted to confirm the consistency between the analytical and
numerical approaches®. Next, we calculate Tras a function of ¢ and T following the intercept
technique discussed above.

The numerical results for 7, as a function of Re content at 300 K under multislip
conditions are shown in figure 8, with the minimum at ¢ = 1.0%. The general dependence on
temperature is shown in figure 9. All curves show a region of softening at low solute
concentrations, with a gradual transition to a hardening regime at higher values of c¢. The
experimental data by Stephens [2] are shown in the figure for comparison. As shown, the
agreement with the measurements increases with temperature although it must be noted that
the experimental data were obtained from full stress—strain curves, while our definition of 7is
for a system with just one dislocation. The location of the minima at each temperature can be

4 The disagreement can be attributed to the absence of non-Schmid stresses in the analytical approach, and the
stochastic variability of the kMC simulations.
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Figure 7. Contour map of the flow stress 74 as a function of dislocation length L and
temperature 7" according to equation (14). The inset shows 7,at L = 400b (marked with
a dashed line in the contour plot), as well as the three points obtained from the
intercepts for 0% Re in figure 6.

640 1
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600 f 1
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Figure 8. Flow stress variation with Re concentration at 300 K under {112} loading
conditions.

plotted into a phase diagram that delineates the separation of the softening and hardening
regimes. This is seen in figure 10, which can be considered a preliminary design map. We do
not expect a strong dependence of the transition stress on dislocation line length in the laminar
slip regime (only one kink-pair at a time on the dislocation), and so these results are in
principle extrapolable to systems with higher dislocation densities such as W—-Re in the cold-
worked state.
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Figure 9. Dependence of the flow stress on Re concentration and temperature. The
experimental measurements by Stephens are given for comparison [2].
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Figure 10. Solute softening/hardening map as a function of temperature and
concentration under multislip conditions.

4. Discussion

The main purpose of this work is to assemble a computational model that incorporates the
main physical mechanisms of substitutional solute-screw dislocation interactions in a bcc
alloy. The motivation for the development of the model was to test the applicability limits of
the softening effect of Re solute atoms on the Peierls stress of screw dislocations in W—Re,
which is a general phenomenon known to occur in most bec metals [35]. This limit manifests
itself as a minimum in the yield/flow stress-concentration curve, which is known to cause
shifts in the DBTT compared to pure W. Characterizing this transition from solid solution
softening to solute hardening in substitutional bcc alloys has been the subject of much
discussion in the literature [8, 12—-16, 18]. It is generally well accepted that, before the
minimum, the presumed softening of the Peierls stress with solute content aids kink-pair
nucleation while having a negligible impact on kink-pair propagation. This is the so-called

12
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intrinsic softening effect [15, 36, 37], which generally suffices to explain softening in most
refractory alloys®. Above the minimum concentration, however, nucleation cannot compen-
sate for the continued interference of solute atoms on kink motion. While there have been
early semi-analytical models that build on this idea to predict the transition temperature and
solute content, they have been mostly phenomenological due to a lack of understanding of the
atomic-scale mechanisms involving dislocation cores and solute atoms. For example, Sato
et al [19] were among the first to devise models that explain the transition in terms of the
motion of a screw dislocation through a Peierls potential dotted with misfit strain centers
representing solute atoms. As well, there are more recent studies that also capitalize on these
basic phenomenological premises [20, 28]. Here, not unlike the work by Sato et al, we
develop a model based on the motion of a screw dislocation line through a solid solution.
What separates our model from other approaches is the consideration of two of the most
critical features of screw dislocation glide in bcc metals: thermally-activated kink-pair
nucleation and non-Schmid effects. We have spent a great deal of time quantitatively char-
acterizing these two [29, 31, 32], as well as the solute-dislocation interaction energetics for
W-Re from first-principles calculations [9, 26]. This has opened up the possibility to perform
potentially predictive simulations, which is what we report in this paper.

Our method has two restrictions that are fair to note. First, it is limited to a single
dislocation, which ignores potential interactions with other dislocations and collective dis-
location effects. While this limits the scope of applicability of the present model, there is now
a growing consensus that the plastic response of most bcc metals and alloys can be char-
acterized in terms of single-screw dislocation properties [39—41]. This is of course strictly true
at low homologous temperatures, where the temperature dependence of the flow stress is
particularly pronounced and edge dislocations play no discernible role on plastic flow. It is
worth mentioning that experiments have shown that Re additions to tungsten promote the
formation of edge dipoles at temperatures which are otherwise too low to hold any significant
edge dislocation populations [2], e.g. 300 and 150 K, and increase dislocation density at all
temperatures. While this may change the global balance of dislocation subpopulations, we
believe that the softening-to-hardening transition is still controlled by local dislocation-solute
interactions, well captured in this model. Second, our framework admits only {110} slip®,
whereas it has been postulated that {112} slip may represent the primary slip plane at higher
temperatures. While this has not been conclusively established [42-44], we have shown in
prior works that the temperature dependence of the flow stress in single crystal W can be
explained resorting solely to {110} slip [31]. It has also been claimed that rhenium can
increase the likelihood of slip on multiple {110} planes, even when the MRSS plane itself
belongs to the {110} family. We have conducted analyses of the dislocation core trajectories
as a function of concentration and have found only a slight difference between pure W and
W-Re’. In any case, we take our method to be strictly valid in the lower (homologous)
temperature region of the flow stress curve, which is the regime considered here.

This work follows along the line of research initiated by Cai and Bulatov [45, 46] and
Deo and Srolovitz [47, 48], where the foundations for the current model were laid. Extension

5 The literature points to extrinsic effects (e.g. scavenging of interstitial impurities) as the cause behind softening in
certain dilute bee substitutional solid solutions, most clearly in Mo and Ta alloys [37, 38]. For other alloys, it appears
that the intrinsic reduction of the friction stress can explain experimental measurements of softening at low
concentrations. Of these, Fe has been the most widely studied, but we do not find sufficient evidence in W alloy
studies to suggest an extrinsic cause to W—Re softening.

S That is, kink pairs can only form on {110} planes, regardless of the MRSS plane.

7 Instead, temperature is found to have a more pronounced impact on trajectory.
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of the current methodology to interstitial solutes and the study of dynamic strain aging is
currently underway.
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